Brain atrophy is an important feature of many neurodegenerative disorders. It can be described in terms of change in the brain parenchymal fraction (BPF). In order to interpret the BPF in disease, knowledge on the BPF in healthy individuals is required. The aim of this study was to establish a normal range of values for the BPF of healthy individuals via a systematic review of the literature. The databases PubMed and Scopus were searched and 95 articles, including a total of 9269 individuals, were identified including the required data. We present values of BPF from healthy individuals stratified by age and post-processing method. The mean BPF correlated with mean age and there were significant differences in age-adjusted mean BPF between methods. This study contributes to increased knowledge about BPF in healthy individuals, which may assist in the interpretation of BPF in the setting of disease. We highlight the differences between post-processing methods and the need for a consensus gold standard.
Introduction
Pathological loss of brain parenchyma due to neurodegeneration, i.e. brain atrophy, is an important aspect of many diseases affecting the central nervous system (CNS), such as multiple sclerosis, [1] dementia [2] and Huntington's disease [3] . It is of interest both in the clinical setting [4, 5] and in research and is frequently measured as an endpoint in studies of neurodegenerative diseases.
In order to lessen the impact of inter-individual variation in the amount of brain parenchyma, the volume of parenchyma can be normalized to the size of the intracranial cavity. The intracranial volume (ICV) remains stable during the adult life [6, 7] and can thus be used as a normalization factor independent of age. This normalization can be performed by calculating the ratio of brain parenchymal volume (BPV) to ICV. This ratio was, to the best of our knowledge, initially termed percentage of brain parenchyma [8] . The ratio is now often referred to as brain parenchymal fraction (BPF) after work done by Rudick et al. [1] . Although the definition presented above is the most widely used, small variations in the definition of the term can be seen. a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
In order to be able to properly interpret levels of BPF in the setting of disease, thorough knowledge of the values in a non-diseased state is necessary.
The goal of this study was to present cross-sectional data on BPF in neurologically healthy individuals via a systematic review of the literature and to relate these values to the ages of the participants and to the method used for the brain segmentations. The primary endpoint for the study was a meta-regression of mean BPF in relation to age. Secondary endpoints were differences in age-adjusted mean BPF between different post-processing methods and methodspecific regressions of mean BPF in relation to age.
Materials and Methods

Ethics
Since the study only encompasses a review of the literature, it was not subjected to review by an ethical review board.
Systematic review
The literature search was performed in the two databases PubMed and Scopus on the 7 th of January 2016, with the following search string: ("brain parenchymal fraction" OR BPF) AND ("MRI" OR "magnetic resonance imaging" OR "MRT" OR "magnetic resonance tomography" OR "MR" OR "CT" OR "computed tomography")
To increase sensitivity for studies presenting the required data but having used a different terminology than BPF, we redid the search adding a second, separate search string. Keeping the second part of the search string identical ("MRI" OR "magnetic resonance. . ." etc.) we replaced the first part with "brain volume". Due to the high number of search results (>20,000) we narrowed it down to ("brain volume" AND ("fraction" or "fractional")). This still generated a high number of search results (>2,000). Therefore, we further narrowed the search done with this string by restricting it from "all fields" to "article title, abstract, keywords".
The search was then redone on the 5 th of June 2016 with the two search strings:
1. All fields: ("brain parenchymal fraction" OR BPF) AND ("MRI" OR "magnetic resonance imaging" OR "MRT" OR "magnetic resonance tomography" OR "MR" OR "CT" OR "computed tomography") 2. Article title, abstract, keywords: ("brain volume" AND ("fraction" OR "fractional")) AND ("MRI" OR "magnetic resonance imaging" OR "MRT" OR "magnetic resonance tomography" OR "MR" OR "CT" OR "computed tomography")
The literature search is outlined in Fig 1. The numbers described here and in Fig 1 represent the combined results of the two search dates, with duplicates removed. A total of 1434 articles were found in the initial search and two additional articles were added due to personal knowledge, resulting in 1436 articles. Two reviewers (M.V. and A.S.) examined the titles and abstracts of these and 273 articles were found to likely present required data. The reference tables of these 273 articles were examined by both reviewers, and all articles with titles indicating measurement of brain atrophy or brain size in healthy individuals were selected. This yielded 116 new articles, resulting in a total of 389 articles for final examination. The full article texts of these were examined by one reviewer (M.V.) for inclusion according to the criteria below.
The study should be written in English and present:
presented data from the same subjects only one of the studies was included. Data on BPF, age, imaging modality and method to determine BPF were extracted from each article. In cases when the study population was presented as two or more individual subgroups and BPF and age were available for each, the data from each subgroup was extracted instead of the combined data of the whole study population. This allowed for a higher number of age-specific data points and thus a better stratification of BPF by age.
In cases where further specification regarding the methodology would have been of value, an attempt was made to contact the corresponding author to clarify [9-15]. We were able to get in touch with two of the corresponding authors [9, 10] and assessed the methodology of the rest of the mentioned articles according to our best effort.
In cases where an article had determined the BPF in the same population two or more times using different segmentation methods, only one set of BPF data was entered into this review [2, 16, 17] . If the same method had been applied using different MRI scanners, values presented here represents the mean from those measurements [18] .
Definition of BPF
The term BPF was originally presented as the ratio between the BPV and the total volume contained within the brain surface contour (BSC) [1] . The term has later been used both according to the original definition and also to represent the ratio between the BPV and the ICV, the latter now having become predominant.
Statistics
The statistical calculations were performed in SPSS23 (2015, IBM Corp. Armonk, NY, US), Microsoft Excel 2013 (2012, Microsoft Corporation, Redmond, WA, US) and R 3.2.5 (2016, R Core Team, Vienna, Austria). Visual inspection of histograms in conjunction with ShapiroWilks test was used to assess normality of distribution.
In cases when an article included for review did not present the value for BPF, but presented data from which BPF could be calculated, the BPF was calculated together with an estimation of the standard error (SE) in accordance with standard calculation of error propagation [19] . It is noted in Table 1 for which of the studies such calculations were made.
Only studies presenting data on mean BPF and mean age were included in the aggregated statistical calculations. When median age and/or BPF was presented instead of the mean, the median was noted in the study summary in Table 1 but the study was excluded from the aggregated statistical calculations [12, 17, [20] [21] [22] [23] [24] [25] .
A meta-regression using weighted mixed effects linear regression was used to explore the relationship between mean BPF and age. The age dependency was explained by a linear and a quadratic term. By weighting the observations by the inverse of the standard deviations from the BPF-estimates the analysis handled differences in sample sizes and precision between the studies. A random effect was used for controlling for study specific bias in cases when two or more individual populations originated from the same study.
Spearman's Rho was used for correlation testing. Estimated marginal means were calculated from the regression models in order to compare age-adjusted mean BPF-levels between methods. Corresponding p-values were adjusted using the Bonferroni-Holm method.
Results
Final article inclusion
The final article count for inclusion was 95. The included articles are presented in Table 1 . The studies presented data on a total of 131 independent populations amounting to a total of 9269 (4932 female) individuals reported to be neurologically healthy. For the studies reporting mean values, the mean BPF values (n = 119) ranged from 0.645 to 0.946 and the mean ages (n = 121) ranged from 21.0 to 82.0 years. Seventeen [1, 11, 12, 17, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] of the 95 studies are presented in Table 1 but were excluded from part of, or all, of the aggregated statistical calculations on the basis of methodology or data presentation (see the section on statistics and the rest of the results section for further details). The final number of independent populations used for the complete aggregated statistical calculations were 103, presented in 78 studies and amounting to 5878 (3102 female) healthy individuals with mean BPF values ranging from 0.660 to 0.946 and mean ages ranging from 21.0 to 82.0 years. Two articles had investigated BPF using several different pulse sequences and segmentation methods but only presented the mean values of all of these [33, 34] . One article had determined BPF two consecutive times six days apart and the values presented in this review are the means from those measurements. One article [35] had stated that the data spread was expressed as SE but the values presented were too large to be representing SE in relation to the reported range and were therefore assumed to be standard deviation (SD) instead. One article [12] did not specify if the presented value was median or mean. We decided to include this value in the statistical calculations as if it was the median. In one article the mean age of the population was stated for the whole population (n = 55) and not the subgroup that had undergone MRI (n = 40) [36] . We decided to approximate the mean age of the MRI group with that from the whole population. We decided to include one study that had examined individuals with ages ranging between 16 and 70 years old, but with a mean age and data spread that indicated that the population was predominantly adult [37] .
Imaging modality and method of BPF determination
All articles in the final article count had determined BPF by MRI, using a variety of different post-processing methods. The method used by each study is noted in Table 1 and included in the method specific calculations of the regression of BPF in relation to age and the estimated marginal means. The SyMap results are specified in Table 1 but were included in the category "Other" for the regression analyses, due to a low number of SyMap data points.
Definition of BPF
The definition of BPF used in each study included in this review could broadly be categorized as either BPF = BPV/ICV or BPF = BPV/BSC. This categorization is noted in Table 1 . Studies using the definition BPF = BPV/BSC (n = 3) were excluded from the statistical analyses. In three cases the exact definition of BPF used was not clearly stated and attempts to contact the corresponding author were unsuccessful [13] [14] [15] . In these cases, the definition was assumed to be BPF = BPV/ICV.
There were slight differences among the included studies regarding the details of the calculation of ICV and BPV. As an example, the ICV could be defined as either the intracranial cavity measured directly [42] or as the sum of the volumes of GM, WM and CSF [43] . Only studies having included the complete intracranial space in the assessment of ICV were included in the aggregated statistical calculations. One study that had only reported the supratentorial ICV was entered into Table 1 [32]. Due to the large population size we considered the study important to report, but excluded it from the aggregated statistical calculations.
BPF in relation to age
There was a significant correlation between mean population BPF values and mean population ages (R = -0.41, p<0.001) (Fig 2) . When examining the method specific residuals to the regression in Fig 2, all post-processing methods exhibited relatively uniform residuals in relation to BPF determined by different post-processing methods Fig 3 shows the BPF of the study populations in relation to population age, stratified by postprocessing method. There were significant differences between the different post-processing methods (p 0.05 for all comparisons) with the exception of the comparison of SIENAX to SPM (p = 0.74). The comparison of "Other" to SIENAX did not retain statistical significance after Bonferroni-Holm adjustment (p = 0.088). The estimated magnitude of difference in ageadjusted BPF between the methods (excluding non-significant differences) ranged between 0.038 and 0.17.
Three studies included in the aggregated statistical calculations had methodological uncertainties, which we did not succeed to clarify by an attempt to contact the corresponding author [13-15]. After exclusion of these studies, the comparison of SIENAX to VBM was still significant (p = 0.044) but did not retain significance after Bonferroni-Holm adjustment (p = 0.11). The three studies were not outliers and no other statistical significances changed if they were excluded.
Discussion
We here present a database of BPF in healthy individuals, stratified by age and method of segmentation, composed of data from a systematic review of the literature. The data may aid researchers and clinicians in the interpretation of BPF data in relation to method and age.
The regression indicates a progressive rate of atrophy with increasing age. This is supported by earlier findings in individual studies [6, 7, 17, 44, 45]. The biological background for this possibly progressive atrophy rate in healthy individuals is not clear. It could be hypothesized that increased prevalence of subclinical vascular/ischemic tissue damage with increasing age is a factor but more research is needed to elucidate this.
It is also noteworthy, although not surprising, that there seems to be a large degree of heterogeneity between different post-processing methods. Age-adjusted BPF values were significantly different between methods. This accentuates the need for caution when comparing BPF data between studies, especially if different post-processing methods have been used. This also highlights the problem that there is no generally accepted consensus regarding gold standard for BPF determination, or for quantifying brain atrophy at large. A consensus gold standard would simplify validation of new methods and provide a unified reference for discussions regarding brain atrophy.
It is of interest to mention that the BPF of all post-processing methods, with the exception of VBM, could be fitted relatively well to the quadratic mixed weighted regression model from the aggregated data from all populations (Fig 2) . However, the VBM residuals indicated an age-dependent bias in the BPF determination if compared to the aggregated data from all methods. The issue of potential age bias in the VBM segmentation, perhaps in part explained by the atlas template used for the segmentation [46, 47] , have been discussed previously [17] and is important to note.
A strength of the study is the systematic methodology used in order to maximize the possibility of covering most of the suitable studies in the databases searched. The choice of databases, PubMed and Scopus, encompass a large proportion of published clinical studies and are therefore likely to include most studies presenting BPF in healthy adults. It must be mentioned, however, that there could be studies that would have been suitable for inclusion but were not indexed in these databases. Another strength of the study is the presentation of method specific regressions of BPF over age. This could benefit researchers in providing literature values to use as a comparison for their own study data. More importantly, it emphasizes the difficulties in comparing data between studies if they are performed with different post processing techniques.
An obstacle to overcome was that other terms than BPF have been used to denote the same ratio. In an effort to identify as many relevant studies as possible, regardless of the terminology used, articles with titles and/or abstracts not specifically mentioning BPF but indicating that brain volume or brain atrophy measurements in healthy individuals had been investigated were also included in this review. Data for calculation of BPF was extracted whenever possible even if BPF was not reported directly in the article. Despite these efforts, however, it is likely that there are studies that have not been found due to usage of different terminology. It is also likely that the review has not identified the entirety of studies presenting suitable data for the calculation of BPF, in place of presenting BPF itself, as we for practical reasons chose to narrow the search from the more sensitive search term "brain volume".
A limitation of the study is the use of summary statistics from each study population in the form of mean age and BPF. More detailed statistical calculations could have been performed if data on individual values for each study participant had been available.
It is furthermore important to note that we specifically chose to limit this review to the BPF-ratio and that there are studies presenting brain volume or other morphological brain features biologically related to BPF while not presenting the data required for the calculation of BPF. The work by Taki and colleagues is a notable example [48] . We chose to limit this review solely on the BPF to facilitate a focused presentation of data. We also chose to be stringent regarding the measurements on which to base the BPF and chose not to include studies that only reported approximations on or parts of the volumes of interests. An example is the valuable work by Coffey and colleagues reporting brain volumetric data from 330 volunteers but, as the authors point out, having restricted the estimation of the ICV to a part of the true volume [49] . Therefore, we chose not to include it in this review. We made one notable exception to this rule in including the work by DeCarli and colleagues on the Framingham Heart Study, presenting brain volumetric data on ICV and BPV from 2081 individuals [32] . This is an important study to report due to the large population size. However, the measurements of ICV and BPV in the study, by which we calculated the BPF, were restricted to the supratentorial space. We chose to include the data in Table 1 but exclude it from the statistical analyses.
It is necessary to point out that this review only presents cross-sectional data on BPF and large inter-individual variations have been reported for such data [17] . This means that an individual BPF value would need to deviate far from the expected value for the age in order to be certain that the value is abnormal. Longitudinal data on brain atrophy, measured over several time points, provides a different perspective on the development of atrophy. However, the magnitude of physiological effects on brain volume that have been reported, for example in the setting of dehydration-rehydration [50], is not negligible in relation to the expected change in brain volume per year [45] , complicating the quantification of annual changes in brain volume. We suggest that a combination of cross-sectional and longitudinal data would provide the most robust assessment of brain atrophy. More research is needed on this subject, especially regarding longitudinal rate of brain volume change in relation to age in the non-diseased state.
Conclusions
Knowledge of the normal range of brain atrophy assessments in relation to age is important when interpreting brain atrophy data. We believe that this article contributes to a base of such knowledge while we want to point out that further knowledge regarding longitudinal annual atrophy rate in healthy individuals is needed. The data presented here may benefit researchers wanting to compare their own study data to literature values for their chosen method of segmentation. The heterogeneity existing between different methods for BPF determination emphasizes the need for a consensus gold standard. 
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